Homogeneous nitrogen-polar GaN core-shell light emitting diode (LED) arrays were fabricated by selective area growth on patterned substrates. Transmission electron microscopy measurements prove the core-shell structure of the rod LEDs. Depending on the growth facets, the InGaN/GaN multi-quantum wells (MQWs) show different dimensions and morphology. Cathodoluminescence (CL) measurements reveal a MQWs emission centered at about 415 nm on sidewalls and another emission at 460 nm from top surfaces. CL line scans on cleaved rod also indicate the core-shell morphology. Finally, an internal quantum efficiency of about 28% at room temperature was determined by an all-optical method on a LED array. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4737395] Selective area growth of GaN rod with nano-or micrometer size allows for a good control on the rod position, morphology, indium composition in the active region, and thus of the emission properties of the InGaN/GaN multiple quantum wells (MQWs). Therefore, the growth of GaN rods and rod-based light emitting diodes (LEDs) on patterned templates attracted great interest in recent years. [1] [2] [3] [4] [5] [6] As have been shown by Sekiguchi et al., 7 the emission color of nanorod based LEDs can be tuned from red to violet depending on their diameter, simply by changing the size of the pattern opening. Furthermore, the density of rod LEDs with different diameters could be varied in order to mix light with different colors in a controlled manner, which can be considered as an approach to realize a phosphor-free monolithic white light emission.
Besides, GaN rods offer many advantages in LED applications, such as, reduced dislocation density, 8, 9 better accommodation of the thermal and lattice mismatch, especially on large size substrates, 10 and better light extraction.
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However, in the GaN rod LEDs with axial, planar quantum wells the effective substrate area is reduced compared to two-dimensional layer LEDs due to the incomplete use of the substrate surface. A core-shell structure (coaxial) was suggested to have dramatic increase in the active area due to the complete coverage of the GaN rod surface by InGaN/ GaN MQWs. The active area on the sidewalls of core-shell rod LEDs linearly increases with the aspect ratio of the GaN rods. 10 A rough estimate shows that the active area of coreshell LEDs can be even bigger than the one of conventional layer LEDs on the same substrate area, if the aspect ratio of rod LED is larger than 1/(4Â fill factor). In addition, the largest portion of the active area of GaN core-shell LEDs is grown on the sidewalls of GaN rods, which are non-polar m-planes. The polarization field is absent in the m-plane MQWs, leading to a stronger oscillation strength compared to MQWs grown on the top polar c-planes. 12 Together with enhanced light extraction induced by the 3D geometry, a core-shell rod LED is promising for high brightness LEDs. Previously, single nanorod laser and solar cells based on a GaN core-shell structure were demonstrated, 13, 14 showing the potential application of such structures.
Recently, N-polar GaN is suggested to have unique properties and future applications in electronic and optoelectronic devices. 15, 16 In previous publications, we reported on the selective area growth of N-polar GaN nano-or submicron-rods by metalorganic vapor phase epitaxy (MOVPE). 3, 4 We also discussed the critical role of the polarity in GaN rod growth, the growth mechanism of N-polar GaN rods, 3 as well as the mixed polarity issue in N-polar GaN rods. 17 In this paper, we report the details on selective area growth of GaN core-shell LED structures by MOVPE. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) measurements were performed to investigate the morphology and the core-shell structural properties. Cathodoluminescence (CL) measurements revealed that the InGaN/GaN MQWs grown on m-plane sidewalls of GaN core-shell LEDs emit light in a spectral range with a maximum at about 415 nm. The internal quantum efficiency (IQE) of a GaN core-shell LED array was measured by temperature and power dependent photoluminescence (PL). A PL-IQE of about 28% is achieved at room temperature for core-shell LED arrays with diameters of about 1 lm.
Patterned SiO 2 /sapphire templates were used in this work for the growth of N-polar GaN core-shell LED structures. First, a 30-nm-thick SiO 2 mask layer was deposited onto bare sapphire substrates, followed by photolithography to define the growth patterns. Arrays of hexagonally shaped holes with different diameters and distances were opened by inductively coupled plasma etching (Sentech 500C). After cleaning, the growth templates were introduced into a Thomas Swan 3Â2 MOVPE system for the GaN core-shell LED growth. In the first step, n-type GaN rods were grown at about 1080 C with a SiH 4 flow corresponding to a doping level of about 1 Â 10 18 cm À3 in a 2D GaN layer. The details of the template fabrication and rod growth can be found elsewhere. 3 Subsequently, a three-fold InGaN/GaN MQWs was grown onto the GaN rod surface in a core-shell geometry. The nominal layer thickness of the InGaN QWs and GaN barriers is about 3 nm and 10 nm, respectively, which has been obtained from 2D layer LED growth using the same growth parameters for the InGaN/GaN MQWs. At the end, the rod structures were covered by p-GaN with a nominal layer thickness of about 200 nm.
The core-shell LED morphology was characterized by a Zeiss Supra 35 field-emission scanning electron microscope (FE-SEM). Transmission electron microscopy images were taken by a Jeol 3010UHR system. The cathodoluminescence spectra were recorded in a Zeiss Ultra55 FE-SEM with a Gatan MonoCL3-system at 300 and 6 K using an acceleration voltage of 3-5 kV. Temperature and power dependent PL measurements were performed in a cryostat with an Arion laser to evaluate the IQE of the core-shell LED structure.
The typical morphology of N-polar GaN core-shell LED arrays fabricated by selective area MOVPE is shown in Fig. 1(a) . The polarity measurement and discussion have been reported in other publications. 3, 4, 18 The SEM image of Fig. 1(a) shows an array of regularly aligned GaN rods, exhibiting a hexagonal cross-section with a diameter of 2.5 lm and height of about 5 lm, which corresponds to an aspect ratio of about 2. In our work, the aspect ratio can be easily varied within a range of 1 to 8, depending on the pattern geometry and growth parameters. The size homogeneity of the rods and the filling of the openings are quite good, where only few rods show significant differences in the morphology. A TEM cross-sectional view of a single rod LED structure is presented in Fig. 1(b) . Due to the large rod diameter of nearly 2 lm and large lattice mismatch between GaN and sapphire threading dislocation are visible in this image (indicated by a white arrow). The inset of Fig. 1(b) shows an enlarged view of InGaN/GaN MQWs grown on the sidewall of the GaN rod. A basal-plane stacking-fault (BSF) is observed to penetrate through the MQWs, which were also found in GaN nanorods by other groups. 19 The MQWs can be found on all the sidewall facets (m-planes) and the top facet (c-plane) of the rod LED ( Fig. 1(b) inset and Figs. 1(c) and 1(d)), evidently indicating a core-shell type of growth. A further careful inspection reveals a significant structural difference on the upper and lower corner of the rod. Clearly visible thick wells and barriers are observed on the upper corner tilted (10 1 1) r-planes of the rod. In contrast, thin barrier layers make the QWs separation smaller in the lower corner (10 11) r-plane of the rod. As pointed out in our previous publications, our rods exhibit an N-polar top surface. 18 We have proposed that hydrogen passivation on (10 11) r-planes may lead to a low growth rate on the tilted r-plane surfaces of Ga-polar nanostructures, which may not exist on the (10 1 1) r-planes of N-polar rods. 3 Concerning MQW growth, this could induce a high GaN growth rate on the (10 1 1) planes of N-polar rods during the GaN barrier growth. Therefore, a thicker barrier layer was found on the (10 1 1) planes compared to barriers grown on both top c-plane and sidewall m-plane, so that the top of the rod gets "flatter" after MQW growth (Fig. 1(c) ). However, p-GaN growth seems to be faster at sidewall m-planes than that on top the N-polar c-plane and (10 1 1) r-plane, which leads to a rod with tilted (10 1 1) facets. Mg doped p-GaN growth is known to enhance the lateral growth rate of GaN rods, which could explain the fast growth on sidewalls. 20 For the lower corner of the rod, the growth rate of GaN barrier is low due to the possible passivation on (10 11) r-plane facets. Thus, a thinner barrier is observed ( Fig. 1(d) ).
Both integrated and spatially resolved CL spectra are measured on the core-shell LED structure. Figure 2(a) shows a room temperature CL spectrum of the core-shell LED ensemble with excitation on the sidewalls. Except a near-band edge GaN emission at 366 nm, a dominant InGaN QW emission is observed with a maximum at about 418 nm. A SEM image superimposed with a monochromatic CL image is shown in Fig. 2(b) , detected at a fixed wavelength of 418 nm. The bright sidewalls in this image evidently show that the 418 nm emission originates from the QWs grown on the sidewalls. The intensity is coded with color in linear scale. A brightness difference, i.e., CL intensity differences, are found between the sidewalls of different rods, which possibly originates from varying the electron beam incident angles with respect to different sidewall facets on different rods, as well as from thickness variations of the p-type shell layer, which may shift the maximum of excitation volume out of QWs region, resulting in less CL intensity from QWs. A CL spectrum was also measured with excitation on the top c-plane facets of a core-shell LED ensemble, presented in Fig. 2(b) . Besides a dominant emission at 412 nm, a stronger shoulder at about 460 nm compared to the spectrum of Fig.  2 (a) appears in this spectrum. Two SEM images are presented, superimposed with monochromatic CL images taken at 412 nm and 460 nm ( Fig. 2(b) : inset). The 460 nm emission is mostly seen from the whole top surface, while the 412 nm emission is found on the edges of the hexagonal top surface of the rods. As it is found nearly in each rod, the 412 nm emission observed from the top surface is tentatively ascribed to the QW emission from QWs on the sidewall. In some rods, a mixed polarity was found, 17 which pattern fits to bright corners of a few rods where the 412 nm emission is found (some of them are indicated by yellow arrows in the inset of Fig. 2(b) , as examples). In this case, the short wavelength 412 nm emission could have contribution from the MQWs grown on the top of Ga-polar domains. One reason for the longer wavelength emission at about 460 nm from top surfaces with lower intensity may be the quantum confinement stark effect (QCSE), which can effectively extend the emission towards low energies with reduced oscillator strength, thus lower quantum efficiency. Besides, threading dislocations were also found to penetrate through the MQWs on top c-planes, causing a further decrease of the emission intensity. We also measured CL on a sample which was prepared for TEM measurements, for which the CL resolution can be increased. 21 Figure 2(c) shows a CL line scan along the cross-section of such a sample consisting of a set of low temperature (6 K) CL spectra. When the electron beam (e-beam) is scanned from the left sidewall (indicated in the inset) towards the center of the rod, the emission peaks evolve systematically with the core-shell structure of the rod.
When the e-beam hits the p-GaN on the left sidewall, two dominant emissions were observed in the spectrum. The emission centered at 3.26 eV can be ascribed to donoracceptor-pair (DAP) transition in p-GaN. 22 The other emission centered at 3.15 eV (394 nm) originates from the MQW emission, due to the carrier diffusion from p-GaN to the MQW. As the e-beam moves further towards the MQW region, the DAP transition peak intensity dramatically decreases and the MQW emission dominates the spectra. When further scanning to the rod center, the intensity of the MQW emission gradually drops to zero and the near-band edge emission of GaN at around 3.46 eV becomes dominant. The intensity fluctuation of the GaN peak is possibly due to the thickness variation from the sample preparation.
Power and temperature dependent photoluminescence measurements were performed to evaluate the relative IQE (which we called PL-IQE) of the core-shell LED array with nominal diameter and pitch of about 1 and 2 lm, respectively. 23 For the excitation, a laser wavelength of 380 nm was chosen to excite exclusively the InGaN MQWs avoiding carrier diffusion from GaN barriers. Figure 3(a) represents the internal quantum efficiency (normalized to the saturated PL intensity value at different temperature) as a function of the excitation power for different temperatures. The PL-IQE saturates with increasing excitation power at different temperatures, which fulfills an important prerequisite for a PL-IQE measurement. Figure 3(c) shows the internal quantum efficiency (i.e., the ratio of integrated PL intensity measured at different temperature to a saturated value at 15 K) versus the measurement temperatures using an excitation power of 27 mW assuring that the nonradiative recombination centers are completely saturated at the temperature range of interest. One can see that the PL-IQE reaches saturation for temperatures lower than 30 K. As discussed by Hangleiter et al., 23 in an all-optical measurement of the IQE, when the measured IQE converges towards a constant value and saturates with increasing excitation power, the quantum efficiency can assumed to be unity. Therefore, the IQE at low temperature (in this case at 15 K) is justified to be normalized to unity. The PL-IQE at room temperature (300 K) can then be estimated to amount to 28%. The temperature dependence of IQE was fitted by a combination of two thermally activated loss processes. 24 Two thermal activation energies of 10.5 meV and 63 meV were derived from the fitting curves. According to Hangleiter et al., 23 these two activation energies are tentatively ascribed to an exciton localization energy due to potential fluctuations in the InGaN QWs and an exciton binding energy within the QWs, respectively. 23 In summary, we have shown selective area growth of GaN core-shell LED arrays by MOVPE. GaN core-shell LED arrays with good homogeneity were achieved on patterned sapphire substrates. TEM measurements evidently indicate a core-shell type structure of the rod LED. The growth of the InGaN/GaN MQWs showed a strong dependence on the growth facets. The MQWs grown on m-plane sidewalls show an emission centered at about 412-418 nm, while MQWs on top of c-plane facets emit at around 440-460 nm measured by spatially and spectrally resolved CL. A CL line scan resolved clearly the p-GaN shell, MQWs, and n-GaN core material. Finally, we performed a PL-IQE measurement by an all-optical method, giving a PL-IQE value of 28% at room temperature. 
